, and, recently, tentatively on Venus [Campbell et al., 1979; Pettengill et al., 1979 ] the question has been raised repeatedly of how the initial density of impacting objects affects the resulting crater shape as well as the partitioning of energy. In part the motivation for studying the effects of cometary impact on planetary surfaces has come from the suggestion of Wetherill [1977] , who pointed out the in the last 3 Gy of their history [Shoemaker, 1977] . Roddy 
ASSUMPTIONS [1968] has repeatedly suggested that porous and possibly volatile and cometary objects when impacting terrestrial
The two most controversial features of the present study planetary surfaces give rise to a different type of cratering are the consideration of impact of planets with objects hayflow than was first computed by Bjork [1961] for the forma-ing densities as low as 0.01 g/cm • and the lack of explicit tion of the Barringer, Arizona, crater. Roddy [1977] recog-consideration of an atmosphere. nized a similarity of the Flynn Creek and Steinheim craters,
The early suggestion by Roddy [1968] did not include to craters produced in wet alluvium by large-surface and the possibility of an extremely low density. However, two aboveground chemical explosions (Prairie Flat and Snow-recent studies of the teentry physics of the meteor which proball). Virtually all previous calculations of the impact into duced the 1908 Tunguska explosion concluded that if the geological materials involving iron, anorthosite, aluminum, kinetic energy of infall was converted into a sudden increase and, in the present case, solid ice yielded a large transient in thermal energy [Liu, 1978] emission upon approach to the sun, provide an estimate of
The objectives of this study were to characterize the cometary nuclear density. By equating the centripetal cratering flow and infer the morphology of craters that acceleration to the gravitational acceleration and assuming would be produced by the impact of highly porous (possibly constant comet density with depth the critical rotation period fragmented) and/or volatile hypervelocity impactors. We T, is given by have sought to test the hypothesis that the impact of porous projectiles could produce fiat-floored craters with central peaks and multiple rings. These could arise from intrinsic T, (hours) --3.3 p-•/-' In the present paper we examine the impact-induced imposed by the sun upon a close approach at a distance r, deformation from hypothetical cometary objects having initial densities in the 0.01 to I g/cm • and heats of vaporization of ---2 kJ/g (corresponding to water) to ---107 J/g r -2.46 R•)(t,o_,,, ix3 The observed dispersion of craters observed yields a very low value from effective impactor density.
We conclude from this discussion that for large (>t0 kg) weak objects entering the earth's atmosphere, atmospheric breakup will result in very low effective impac- Table 1 and representative pressure-particle velocities Hugoniots from solutions of (4) and (5) 
where the parameters used in (4) and (6) for gabbroic anorthosite, andesite, water, and ice Ih are given in Table I . In the partial vaporization regime, Vo/V < 1 Ew < E < Ec• where Etv is the energy required to bring a material from normal temperature to incipient vaporization at atmospheric pressure, we use the interpolation relation
where P• and Pc are the pressure calculated from (6) and (4), respectively. We also assumed in some cases that the gabbroic anorthosite rheology was elasto-plastic and possessed a finite strength Y, given by Y (kbar) --(2.7 + 338 st -900 st 2) The finite difference grid was constructed with some 154 Eulerian zones to define the projectile and, initially, some 900 zones to define a planetary half space. As the impact induced flows were numerically generated, radial and axial particle velocities, specific internal energy, mass, and the principal stresses in each cell were stored. As the initial computation mesh was consumed by the propagation of shock waves and the ensuing large particle motions associated with cratering flow, the initial grid was enlarged geometrically, approximately 5 times in the course of calculations. In some cases the physical dimension of each zone was increased by a factor of 40 in the course of the calculations. As a result, the computation yields accurate estimates of the amount of planetary surface melted and vaporized and the quantity of high speed ejecta only at early times when the grid spacing is small enough to resolve variation in the entropy density generated by irreversible processes ( The particle velocity fields for the impact of highly porous or highly disaggregated refractory (density of 0.01 g/cm 3) projectiles has many characteristics of the flow fields of those from impactor densities of 0.1 g/cm 3. Typi- ously observed and were not calculated to occur in a large number of numerical calculations in which the projectile density was comparable to or greater than the target density (e.g., Figures 3 and 4) . However, in the cases of the impact of a volatile low-density projectile, surface instabilities, that might be attributable to a Rayleigh-Taylor type, have been observed and an example is shown in Figure 6 . In order to gain some insight into the question of how the zone spacing of our calculations affects the wavelength and growth characteristics of Rayleigh-Taylor instabilities we have examined ( Figure 13 ) the evolution of the surface between the vaporized ice and planet surface. As can be seen in Figure 13a , the planetary surface is slightly depressed (•---0.65) when the projectile has penetrated the surface. Subsequently, the expanding water vapor drives surface instabilities at the interface which grow with time. The wavelength of the fastest growing or dominant wavelength is probably a function of the planet viscosity, internal structure and projectile dimensions. The viscosity in the numerical calculations is a function of the mesh spacing. As the mesh spacing decreases, the viscosity increases, and the fastest growing wavelength decreases. A calculation was performed in which the mesh spacing was doubled. This had the effect of decreasing the one of dominant ,wavelengths in the interface. This is shown in Figure 13b . Because of the mesh spacing dependence on the wavelength, the direct scaling to planetary conditions from the present calculations would be difficult. We conclude from the present work that RayleighTaylor type instabilities are expected to occur for low-density impactors and that these instabilities are a function of the effective planetary viscosity, structure, and projectile dimension and require further analyses.
The impact of porous volatile projectiles exhibits a variety of crater morphologies not previously described for flows produced by the impact of dense projectile. The range of observed behavior varies from bowl-shaped craters to flatfloored, multiple ringed central peaked craters with features attributable to surface instabilities.
The conditions for each of these morphologies depend upon the impact velocity, projectile density, and volatility and are summarized in Table 2 . Density is the primarily variable that determines whether or not a bowl-shaped crater will occur. For impactor densities (Table  1) to that of andesite (Table 1) with a single phase model; again this also did not change the above generalizations (Table 2) . nearly zero, the internal energy of the planet (IE,P) steadily increases at the expense of KE,P within the cratered region. Most of the KE,P is tied-up in the motion of the ejecta, which in turn, on the average is only very lightly shocked, and moves at relatively low velocity in comparison to the initial projectile velocity. Most of this material will impact the planet as secondary ejecta, and thus, eventually, all the energy contained in it will become planetary internal energy except that it will be distributed over a wide area surrounding the impact. Figure 15 demonstrates how, quite surprisingly, low velocity impacts of 1 g/cm 3 ice result in a higher IE,C, whereas KE,C represents about 5% of total energy and is virtually independent of projectile velocity. The internal energy delivered to the planetary material IE,P increases from ---48% of the total energy at 5 km/s to 58% of the total at 45 km/s.
As is demonstrated in Figure 16 , the peak in projectile internal energy at one normalized time unit becomes very marked with increased velocity for 0.1 g/cm 3 projectiles, whereas this phenomenon was not resolved by the present calculation for 0.01 g/cm 3 projectile impacts depicted in 
